ABSTRACT: The paper presents the results of water quality monitoring of road and parking surface run-off, which was done in the city of Brno in 2008-2009 and 2013-2014. The main results of the effectiveness of retention and infiltration facility treatment for PAH, petroleum substances, chlorides and selected heavy metals are presented, too. The system of facilities was built for a parking place located in Brno-Bohunice (Masaryk University campus). A retention basin was built near a shopping centre in Brno. The results of analyses and field measurements allow for comparing the evolution and changes of the filtration media characteristics, treatment effectiveness and changes in pollution. The aim of the evaluation is to provide information for the proper maintenance of retention, infiltration and treatment facilities for the surface run-off source of pollution of water bodies.
INTRODUCTION
The article presents the results of the research aimed at monitoring the retention, treatment and infiltration of surface run-off from transport infrastructure and paved areas (urban roads and car parks) in the Brno city area between the years 2008 and 2014. The conclusions from the analysis of the cleaning effect of selected facilities for the retention of pollutants from the group of PAHs, petroleum substances and metals (Cd, Cr, Cu, Hg, Ni, Pb, Zn) are also presented. The article includes information about the changes in the infiltration characteristics of the monitored infiltration and retention facilities in the period 2008 -2014 . The release of the number of pollutants that can affect the elements of the environment and the human health is caused due to car traffic (Hvited-Jacobson & Yousef, 1991; Sansalone, 1999) . The origin of particular pollutants in the surface run-off from roads and parking areas is summarized in detail by Lee and Touray (1998) and Bäckström et al. (2004) . A part of the harmful substances dissolved in water flows away with the rain water and another part of noxious substances is bound to suspended particles (Norrström & Jacks, 1998) . In the period 2005 -2009 the monitoring of the surface run-off at the control network of the profiles of motorways and expressways was carried out within two subsequent research projects for the Ministry of Transport (Beránková et al., 2008; & 2010 . In the first years the work focused on the quantity and quality of the effluent water. An identification of substances that are present in the effluent water in measurable concentrations was performed, and the tables of characteristic concentrations of the selected PAHs and metals were compiled. Not only were the monitoring and assessment of the occurrence of polycyclic aromatic hydrocarbons and toxic metals in run-off performed but also their toxic effect on the aquatic environment was investigated. In addition, the possibilities of remedial measures were monitored, e.g. their capture in filtration strips during the infiltration. In the period of 2008 -2009, the selected components of the transport infrastructure -facilities for surface run-off retention and infiltration as a part of one of the mentioned research projects were monitored (Beránková et al., 2010) . The results were used as materials for designing new monitoring of built objects and for preparing of design parameters of newly developed objects in the research project TA03030400, which aims to design, implement and by the three-stage pilot plant facility verify a complex treatment technology for stormwater run-off coming from the transport infrastructure and impervious surfaces of the industrial areas. The monitoring was focused on a set of different stormwater management facilities, including retention ponds, sedimentation tanks, infiltration furrows, etc.
The use of the filtration environment of artificially constructed wetlands in combination with a sedimentation area is described, e.g. by Bulc and Sajn Slak (2003) . The Directive DWA-A 138 (2005) and the publication Hlavínek et al. (2007) report additional equipment design principles for retention and infiltration of rainwater and surface run-off. The study Aryal et al. (2006) summarizes the results of a longitudinal twenty-year-long monitoring of the cleaning effect of retention and infiltration facilities where the cleaning of surface runoff from roads in the filtration environment of the defined filter cartridge was carried out. The significance of organic matter to enhance the effectiveness of elimination of metals from surface run-off is stated by Aryal et al. (2006) and Seelsaen et al. (2006) . The authors identified the best physical-chemical properties for the sorption of metal ions (Cu, Zn, Pb) for compost by the authors. However, the release of higher concentrations of dissolved organic carbon (DOC) was also found at the same time. The combination of sand, compost or even zeolite led to the reduction of DOC leaching and to maintaining the high efficiency of metal retention (75-96% efficiency for zinc; 90-93% efficiency for copper), while in the case of clean sand the efficiency of zinc removal was found out to be 16% and copper removal 29%.
The use of chemical substances for maintenance of roads, car parks and parking areas (for salting) has also an Impact on the change of hydraulic characteristics of filtration environment and mobility of metals. The detailed pieces of information are stated by Novotny et al. (1998) and Bäckström et al. (2004) . As a consequence of salting, but also due to the dust run-off, there are changes in granularity, porosity and thus the hydraulic conductivity of the filtration area. Thus, the phenomenon of colmatage (clogging) occurs (Dierkes et al., 2006) .
METHODS
A car park at the Masaryk University campus in Brno-Bohunice was selected as the first pilot locality of the Brno city area to assess the cleaning effect of the infiltration facilities of polluted stormwater. The car park is drained by the system of the infiltration open ditches (depressed areas) with retention trenches (Figure 1 ). The system is used for delaying torrential rainfall outflow and for pre-treatment of rainwater fallen in the car park. The more detailed description of the design of the drainage and retention system is introduced in the report of Beránková et al. (2010) and in the project documentation of dJV Project VH (2006) . Based on the in-situ reconnaissance, two furrow areas were selected for monitoring. The first furrow is located in the upper, in 2008 and 2009 less used, part of the car park (the profile Bohunice 1). The second furrow is in the lower part of the car park, which was gradually more and more used in connection with the ongoing completion of the campus premises and the shopping centre (the profile Bohunice 2) in 2008. Both parts of the car park were fully used for parking during the period 2013 -2014. The furrow "Bohunice 1" surface area was 121 m 2 by in-situ measurement and the corresponding area of the car park theoretically drained by this furrow was 592 m 2 . The surface area of the other furrow "Bohunice 2 is 195 m 2 and the corresponding area of the car park theoretically drained by this furrow is 1,040 m 2 . In the drainage shafts, into which piping drains of the particular furrows flow, collecting sampling containers made of polypropylene were placed, where the seepage water was trapped. Polypropylene sampling containers developed in the T. G. M. Water Research Institute, p.r.i. were put into the top soil. The intensity of collecting mixed water samples for analyses was based on the current weather conditions. The starting period of the car park operation was monitored in 2008 -2009 . The full use of the car park was monitored in 2013 -2014. In addition the samples of rainwater and snow samples were collected, in order to determine the background levels of the concentrations of the monitored pollutants.
The other monitored facility, located in the city of Brno, is a retention basin intended for trapping, retention and treatment of surface run-off from the paved areas, car parks and roof structures of a shopping centre. The volume capacity is approx. 500 m 3 , the depth between 1 and 3 m, drained area approx. 55 000 m 2 . The banks and the bottom of the basin are reinforced with concrete perforated panels. The bottom was covered with a layer of sediment during both monitoring periods (0 -30 cm thick) and a there were few places (approx. area of 0.25 m 2 ) with macrophyta vegetation (mainly Typha sp.) Samples from the inflow piping and outflow structure were taken, on the basis of the current weather conditions, after rain or snow melting periods.
These physical-chemical indicators of the water quality were measured in-situ in the water samples: water temperature, pH, electrical conductivity. The concentrations of the following water quality parameters: chloride, pollutants from the group of PAHs, petroleum substances (expressed as C 10 -C 40 ), heavy metals (Cd, Cr, Cu, Hg, Ni, Pb, Zn) were determined with the use of accredited methods in laboratory. The selection of the indicators was based on the research of literature (Hvited-Jacobson & Yousef, 1991; Bayerisches Landesamt für Umwelt, 2008 etc.) and author's own findings from monitoring of surface runoff from highways and expressways (Beránková et al., 2008; Beránková et al., 2009) . The assessment of the degree of the contamination of rainfall, snow samples, and samples of surface run-off and seepage water was performed with the use of the classification of water quality according to ČSN 75 7221 (1998) and in accordance with the pollution standards of the Government Regulation No. 23/2011 Coll.
As mentioned in the introductory part of the article, the cleaning effect depends on the composition of the seepage (filtration) layer substrate of infiltration furrows and changes in the hydraulic properties of the material. In addition, the use of chemical substances for maintenance of roads, car parks and parking areas (for salting) has an impact on the change in hydraulic characteristics of the filtration environment and mobility of metals. For this reason, the part of the research also dealt with the determination of characteristics of the filter medium (localization of cross profiles of infiltration furrows, determination of fundamental physical properties of filtration medium and transition filters, determination of the characteristics of dependence of filtration velocity on time, or the intensity of filtration depending on time respectively, determination of hydraulic conductivity, granular composition of the material, etc.) of the monitored furrows, after one year of the operation and in the year 2013. The determination of the intensity of filtration was carried out on the spot with the use of two classic infiltrometers. The infiltration capacity of soil was expressed as the amount of water soaked for a time interval or as the percolation rate of progress over time. The detailed description of the work methodology is given in the report Beránková et al. (2010) . 
RESULTS AND DISCUSSION
In the samples of rainfall there were only very low (background) chloride concentrations in the order of mg/l (as well as in the samples of snow). The concentrations of monitored metals also ranged from I. to II. water quality class. The concentrations of petroleum substances and PAHs were always below the detection limit. The collected values are similar to the ones given for rainwater in the publication Hlavínek et al. (2007) .
Snow samples were taken directly at the car park, namely in January 2009 (fresh snow) and in March 2009 (old, dense snow containing the remains of the inert material from gritting). Snow samples were not taken during the winter 2013 -2014, because of warm winter weather conditions in the city of Brno. Warren and Zimmerman (1994) and Novotny et al. (1998) state that the snow contamination by the monitored pollutants increases with its age (time of deposition on roads and around). This statement was also confirmed by our results. In the samples of fresh snow, the contents of the monitored metals did not exceed values of the I. and the II. water quality class according to ČSN 75 7221 (1998) , with the exception of zinc, which in one case exceeded the limit of the III. water quality class. The concentration of petroleum substances, expressed by the indicator C 10 -C 40, was below the value 0.1 mg/l (pollution limit of the Government Regulation No. 23/2011 Coll.).
In contrast, regarding the samples of longer lying snow, the concentrations of petroleum substances (C 10 -C 40 ) were close to 2 mg/l (i.e. an order of magnitude above the limit value), the concentration of metals reached from III. water quality class (Cd, Ni) to V. water quality class (Cu, Pb, Zn) of water quality. The concentrations of PAHs were similar in all samples (the sum of PAHs 20 to 90 ng/l, i.e. I. water quality class, pollution limit 200 ng/l). Table 1 shows the range of values of particular indicators of water quality and the pollutants determined in the samples of the surface run-off and seepage water. Dierkes et al. (2006) published long-term concentrations of the following substances in surface run-off from car parks: Cd 1.2 μg/l; Cu 80 μg/l; Pb 137 μg/l; Zn 400 μg/l; PAH 3 500 ng/l. When performing a comparison of these values with the data in the Table 1 , the concentrations detected on the surface run-off at the monitored location are lower for the both monitoring periods. The confrontation of furrows outflow concentrations of selected pollutants from the periods 2008 -2009 and 2013 -2014 showed that the range of values is practically similar. Exceeded pollution standards for chlorides and the V. water quality class in the samples from the period January to May 2009 were associated with the winter maintenance (road salting) in the lower part of the car park where sample containers in the profile Bohunice 2 were placed. The upper part of the car park was only treated with inert material (very low occupancy of parking) in that period. A similar situation was observed during winter 2013 -2014, but with lower maximum values. The values of electrical conductivity of water (correlation coefficient 0.9917) well correlated with the values of the concentrations of chlorides. Thus, in the three of the mentioned cases the values of electrical conductivity reached V. water quality class, otherwise they were on the levels of I and II. water quality classes. High efficiency of the elimination (capture) of cadmium, copper, lead, zinc, petroleum products (indicator C 10 -C 40 ) and pollutants from the group of PAHs was found in the filtration environment of the furrows. With regard to the redox conditions and the degree of saturation of the filter media, the release of metals into the aquatic environment was detected during the monitoring. This fact was recorded in the presence of low concentrations of metals in the surface run-off that corresponded to the I. and II. water quality classes (according to ČSN 75 7221). The similar results, when evaluating the efficiency of cleaning of filtration medium at very low concentrations of metals (mainly Cr, Cu, Pb, Zn), and in particular during the dry period are stated by Shutes et al. (2001) . The authors report the capture efficiency of Cu, Cr, Ni and Zn 60 to 90% in the filtration environment of artificial wetlands with higher concentrations. Bulc and Sajn Slak (2003) state the efficiency of retention of the selected metals from surface run-off from roads in the gravel filtration media of artificially constructed wetlands. These long-term average values of efficiency: 69% of suspended solid substances, 97% of settleable substances, 90 or more percent metals (Cd, Cu, Ni, Pb a Zn) were reached on the monitored facilities. The authors also proved the binding of metals to suspended solid substances and they determined sedimentation and filtration as the predominant cleaning mechanisms. There are also results available for the comparison of monitoring of the wastewater treatment plants with the biological phase represented by the soil (ground) and gravel filters. A similar ability of the elimination of the monitored pollutants in the filtration media was confirmed for these devices, also usable for cleaning of the surface run-off (as claimed by e.g. Kadlec and Wallace (2009) ). For exmple, Kröpfelová et al. (2009) reports the long-term average values of efficiency of 78% (Zn), 67% (Cu), 63% (Pb), 55% (Cr) and 25-50% for Hg, Cd and Ni (found in the Czech Republic).
The results of the retention basin monitoring are summarized in Table 2 . In the both monitoring periods, the concentration of metals and PAH has a similar range of values in the basin outflow. The concentrations of zinc and mercury were out of the I. and II. water quality class ranges. The concentration of chlorides in the water samples was different due to different courses of winters. The basin shows a high elimination of petroleum substances (parameter C10-C40), with one exception of the collected samples. In that sample, the C10-C40 value was two orders of magnitude higher than in the other samples. Based on the course of sampling and further testing, the source of such a high amount of petroleum substances in the sample could be assigned to a surface film of oil after the release of oil from the sediment. The absorption capacity of soil is determined as the amount of water soaked for a time interval or as a course of absorption velocity in time. The absorption ability was therefore investigated on the surface of soil with the use of two concentric cylinders that are slightly recessed directly towards the surface of the infiltration strip of the Campus car park. h was evaluated according to the equations by Kosťjakov, Mezencev and Philip. The relationship between the rate of infiltration v i on time t i and the relationship of the cumulative value of the cumulative infiltration i i on time t i was determined from the field measurements. The simplest way is to express these dependencies by using empirical equations of Kosťjakov and Mezencev. The evaluation according to Philip is computationally more complicated, the detailed process is stated by Kutílek et al. (2000) . During the research two samples were collected twice (from the lower and upper car park) for the determination of hydraulic conductivity of the filter material. The obtained values were compared with the requirements for the design of the infiltration furrows (e.g. Hlavínek et al., 2007; JV Project VH, 2006; DWA-A 138, 2005) when the hydraulic conductivity of materials is recommended in the range of 1.10 -3 to 1.10 -6 m/s (60 to 0.06 mm/min), while at values close to 1.10 -6 m/s (0.06 mm/min) and lower, the infiltration with the accumulation of water (controlled retention) is recommended. Hydraulic conductivity of 1.10 -5 m/s (0.6 mm/min) was assumed for the monitored facilities. The results of the tests performed with the material of the infiltration furrow from the car park after a one-year operation (in detail Beránková et al., 2010) show that the permeability is adequate only at the beginning of the experiment until the entire material is thoroughly saturated with water. The process of saturation occurs within 4-7 hours. We can assume that in operational conditions, e.g. persistent raining, the saturation of the entire filtration media of infiltration furrows will occur (full water saturation capacity when all pores are filled with water). For these reasons, but also because of the fact that the furrows are not designed to an absolute protection, the design and implementation of similar facilities need to allow the construction of emergency spillways as was done on the monitored furrows. Despite these facts, long-term possibilities of using similar equipment for the retention of and cleaning of surface run-off have been proven abroad, as stated by Aryal et al. (2006) , and others.
The following values of infiltration velocity were calculated for both furrows in 2013: Bohunice-1 -6.6 -10.8 mm/min based on the existing moisture of filtration medium. Bohunice-2 -9.6 -15.6 mm/min based on the existing moisture of filtration medium.
The infiltration capacity of the furrows has still been sufficient for several years of operation, and the values measured in 2013 were similar to the values measured in 2009.
CONCLUSION
Our findings show that the surface run-off at the monitored area currently contains less pollution, especially metals. As already mentioned, at the time of the monitoring, the car park was increasingly affected as the other buildings in the area were put into service. The amount of monitored pollutants was higher in the surface run-off in transport infrastructure samples than in the rainwater samples, which presents a certain impact of traffic on the run-off water quality (Bulc & Sajn Slak, 2003; Bayerisches Landesamt für Umwelt, 2008; Beránková et al., 2008; etc.) . The contamination of outflows from the monitored retention facilities has been in the same range of values since 2008. The retention facilities has been showing high elimination of monitored pollutants, but as was shown in the case of C10-C40 substances, an appropriate management is necessary (e.g. sediment disposal) to prevent secondary contamination of outflow water. Regarding the facts from longer monitored similar facilities abroad (Bayerisches Landesamt für Umwelt, 2008) , it is possible to expect the increase in effects by the assessed pollutants. It has been confirmed that pollutants are bound and accumulated in insoluble substances which leads to their deposition in retention and drainage facilities. The infiltration characteristics of both furrows were similar between 2008 and 2014. In further development of the use of infiltration furrow technology with the retention area with regard to the treatment of water from roads and car parks, it is essential to focus on the issue of their operation and maintenance in winter, when more snow comes. The infiltration furrows will undoubtedly be used to store snow from the car park. It will be necessary to monitor the function of infiltration furrows during melting and to prevent flooding of the car park. It is also vital to pay attention to maintenance of the surface of retention areas and infiltration furrows, so that there are suitable filtration media properties (grain size, hydraulic conductivity and infiltration rate) provided.
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